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ELECTRON
PARAMAGNETIC
RESONANCE

L. A. BLUMENFELD,
A. N. TIKHONOV

This article concerns with
the method of electron
paramagnetic resonance
(EPR) which is widely
used in physical, chemi-
cal, biological and medi-
cal researches. The his-
tory of EPR discovery, the
basic principles of EPR
theory and its instrumen-
tation, the meaning and
the importance of the
information obtained by
the EPR technique are
discribed.

SlBneHne 351€KTPOHHOro
napamarHUTHOro  peso-
HaHca (Jl1P) Hawso wn-
pPOKMHe npumMeHeHUs1 B (hy-
3UYECKUX, XUMUYECKMUX,
6uorniornyecknx u meam-
YUHCKMNX MCCIIe[40BaHUSIX.
UsnoxeHbl ucrtopus OT-
KpbiTuss sieneuusi IIIP,
ocHoBbl Teopun 3IIP u
TeXHUKU U3MepeHnu,
CMbICIST W 3Ha4eHue WH-
¢hopmaymn, nosy4aemon
¢ nomouybto metoga Il1P.

BNIOMEH®ENB N.A., TUXOHOB A.H. 3MNP

MEKTPOHHBIU
NAPAMATHUTHBIA PE3OHAHC

Nn. A. BNIOMEHO®ETTB[, A. H. TXOHOB

MockoBcKui rocyfapCTBEHHbIN YHUBEPCUTET
um. M.B. JlomoHocoBa

BBEJEHUE

SBneHue SJIEKTPOHHOTO TapaMarHUTHOTO pPe30-
HaHca 061710 OTKpbITO B 1944 rony EBrenriem KoHcTaH-
TUHOBUYEM 3aBOMCKMM, KOTOPBIi OOHAPYKWJI, UTO Ma-
paMarHUTHBIN o0pasell, MOMEIIEHHbI B MOCTOSIHHOE
MarHUTHOE M0JIE, MOXET MOMIONIATh SHEPTUIO MO/1aBae-
MOTO Ha HEro aJeKTpoMarHuTHoro mnoJjs. Ilormornie-
HUE 3JIEKTPOMATHUTHOTO M3JyYeHUSs! MapaMarHUTHBI-
MU 00pa3aMuy UMeJIo U30upaTebHbIA (Pe30HAHCHDI)
XapakTep, MOCKOJIbKY OHO Ha0II0AaJIOCh JIUIIb TIPU OIT-
penesieHHOM COOTHOLIEHUU MEXIY HampsKeHHOCThIO
TMOCTOSTHHOTO MAarHUTHOTO TOJIS1 U YaCTOTOU MepeMeH-
HOTO 3JICKTPOMarHUTHOro Mojisi. IToaToMy OTKphITOE
SIBJIEHWE TIOJIyYUJIO HAa3BaHUE A1eKMPOHHO20 napamae-
Humnoeo pesonanca (BI1P). Meton DIIP namren mmpo-
KHe MpUMeHeHUs B (pU3MKe, XUMUU, OMOJOTUN U Me-
nuiHe. B cratbe paccMOTpPEeHBI UCTOPHUSI OTKPBITUS U
(usnueckue ocHoBbl sBieHust DIIP, mpuHUMTIUATE-
HBIe cXeMbI criekTpoMeTpoB DIITP u cymHocTs nH)OP-
MalMu, rojydyaemMoit Mmeronom DIIP, npuBeaeHbl pu-
Mepsl crieKTpoB DIIP B xuMmyecKnx M GMOJIOTMIeCKIX
cucTeMax pa3IMYHOTO MPOUCXOXKACHUS.

NAPAMATHETU3M

MarHuTHbBle CBOMCTBA aTOMOB M MOJIEKYJI OIpe/e-
JITIOTCS MArHUTHBIMU MOMEHTaMU 3JIEKTPOHOB, a TAKXKE
MMPOTOHOB U HEUTPOHOB, BXOISIIMX B COCTaB aTOMHBIX
smep. MarHuTHble MOMEHTBI aTOMHBIX SIIEp CYIIEeCT-
BEHHO MEHbIIIE MarHUTHBIX MOMEHTOB 3JIEKTPOHOB,
MO3TOMY MarHMTHbBIE CBOMCTBA BEIIECTBA OTPENEISIIOT-
¢Sl TTIaBHBIM 00pa30M MarHUTHBIMU MOMEHTaMU 3JIeK-
TPOHOB. MarHuTHbIE CBONCTBA 3JIEKTPOHOB B aTOMax
00YyCJIOBJIEHBI WX OpPOWTATLHBIM IBMXXEHHEM BOKPYT
sapa (opOUTaIbHBIN MeXaHUYECKUII MOMEHT), a TaKXkKe
CYLIECTBOBAHUEM COOCTBEHHOTO MEXaHUYECKOTO MO-
MEHTa 3JIEKTPOHA, TTOJIyYUBIIIETO Ha3BaHUE CTIMHA.

B 3aBUCUMOCTH OT 3JIEKTPOHHOTO CTPOEHUST aTOMBI
U MOJIEKYJIBI MOTYT Pa3IN4aThCcsl CBOMMU MAaTHUTHBIMUA
XapaKTepuCTUKaMu. BellecTBa, MOJEKYJIbI KOTOPBIX
00J1aJaI0T OTJIMYHBIMU OT HYJISI MATHUTHBIMU MOMEH-
TaMU, Ha3bIBAIOTCSl napamaecHemuxamu. [lapamarte-
TUKaMU SBJISIIOTCSI HEKOTOPbIE Ta3bl (MOJEKYISIPHBII
kuciaopon O,, okuck azora NO), LIeTOUYHbIE METAII-
JIbl, pa3JIMYHBIC COJIU PEAKO3EMETbHBIX JIEMEHTOB U
5JIEMEHTOB TPYIIIIHI Xejie3a. MarHUTHBIM MOMeHT M
MapaMarHUTHOTO o6pasila CKJIalbIBaeTCs U3 MarHUT-
HBIX MOMEHTOB W, BXOASIIIIMX B HETO MTapaMarHUTHBIX
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N
yactuu, M = Zui, rae N — 4Mcio mapaMarHUTHBIX
i=1
gactuil. [Tpy OTCYyTCTBUM BHEIIHETO MAarHUTHOTO TTOJIS
H xaoTuyeckoe TernjoBoe ABMXKEHUE MapaMarHUTHBIX
YaCTHI TPUBOIUT K YCPETHEHHIO 0 HYJISI CYMMapHOTO
marautHoro moMmeHTta (M = 0). Eciu momectuts o6pa-
3el1] B MOCTOSTHHOE MarHuTHoe mosie H, MarHuTHbIe Mo-
MEHTBI TapaMarHUTHBIX YACTUI] OPUEHTUPYIOTCS BAOJIb
HampaBlieHUsI BekTopa H, mosToMy BO3HMKAET OTINY-
HBIN OT HYJISI CyMMapHBI MarHUTHBI MOMEHT, TO €CTh
oOpa3sel] HamarHuyuBaeTcs. Yem OoJibllle HaIpsIKeH-
HOCTb MarHMTHOTO TOJIsI, TEM CUJIbHEEe HaMarHuyuBa-
ercsl obOpasenr. B cpaBHUTENBHO C1aOBIX MarHUTHBIX
MOJISIX BEJWMYMHA WHIYLMPYEMOTO MarHUTHOTO MO-
MeHTa M mpornopiroHaabHa HAIMPSKEHHOCTH TTOJIS:
M = xH, rne X — MarHuTHasi BOCIPUMMYUBOCTD (OObIY-
Ho X = 107°—10"°). ¥ napaMarHeTMKOB MarHMUTHLII MO-
MeHT M OpHeHTHpOBaH 1O HaIpaBJIeHUIO BHEITHETO
monst. [loTteHumManbHass 3Heprust E TapaMarHUTHOTO
oOpasia ompeaensieTcsl CKaIsIpHbIM TPOU3BeACHUEM
BekropoB M 1 H no ¢popmyne £ = —(M [H), oTkyna
CJIelyeT, YTO SHEPrysl MapamMarHeThKa B MarHUTHOM
moJie moHmxkaeTcs, mockoabky £ = —(M [H) < 0. Ilo-
3TOMY MapaMarHeTUKHU BTATUBAIOTCS B MAaTHUTHOE TI0JIE.

PaccMOTpyM MarHMTHBIE CBOMCTBa CBOOOIHOTO
napaMarHuTHOro aroma. CorjiacHo 3aKOHaM KBaHTO-
BOM MEXaHWKM, OpPOMUTAJIbHBIM MEXaHMYECKHH MO-
MEHT 3JIEKTPOHA

p =+ DA,

rae [ — opbuTaabHOe KBAHTOBOE YUCo, i = h/(2T) =
=1,0545 0107 spr [k — mocrosHHasa [Inanka. Op6u-
TaJIbHBIII MATHUTHBII MOMEHT 3JICKTPOHA

w = +1)B,

rae B=eh/(2mc) = 9,274 107 spr/Ic — mar"eToH bo-
pa. 31ech e — 3apsia JNEKTPOHA, M — Macca JIeKTPOHa,
¢ — CKOpOCTb cBeTa B Bakyyme. OTHOIIIEHUE MAaTHUTHO-
O MOMEHTa K MeXaHUYeCKOMY MOMEHTY 3JIEKTpOHa,
BbIpaxkaeMoe OOBIYHO B eAMHULAX e/(2mc), Ha3bIBAaeTCsI
MarHMuTOMEeXaHWYeCKUM OTHOIIEHUEM WU g-pakmo-
pom. B ciydyae marHetusma, OOYCJIOBJIEHHOTO OpOu-
TaJbHBIM IBMKEHHMEM 3JIEKTPOHA, BeJIMYMHA g-(aKTo-
pa cocrapiser g, s = 1.

DIJIeKTPOH 00JIaaeT TaKXKe COOCTBEHHBIM MEXaHU-
YECKUM MOMEHTOM (CIIMHOM) U COOTBETCTBEHHO COO-
CTBEHHBIM MarHUTHBIM MOMEHTOM. B ciydae wmcro
CIIMHOBOTO MarHeTM3Ma MeXaHW4eCKUIl 1 MaTHUTHBII
MOMEHTHI DJIEKTPOHA

ps=s(s+ )fi n p=2Js(s+1)B,

I § — CIIMHOBOE KBAHTOBOE YUCJIO JIEKTPOHA, PABHOE
s = 1/2. B cucreme enunuil e/(2mc) BenuunHa g-cak-
TOpa CBOOOIHOTO AJIEKTPOHA g, = 2.

Eciau cBOOOAHBIN aTOM COICPXKUT HECKOJIBKO 3JIEK-
TPOHOB, TO UX 0p6I/ITaJ'[I)HI)I€ 1 CIIMHOBBIE MOMECHTbLI
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CKJanpiBalOTCs. B aTOM ciyyae MarHUTHBIE CBOMCTBA
aToMa OyIayT OMpeAeNsAThCA 3HAUYCHUSIMU KBaHTOBBIX
yucea L u S, KOTOpble XapaKTepu3yloT CyMMapHbIe
MOMEHTBI, 00YCIOBJIEHHbIE OPOUTATbHBIM U CIUHO-
BBIM JIBMXKEHHMEM 3JIEKTPOHOB B aTOME, a TaKXKe I0JI-
HBIM KBaHTOBBIM 4ucjoMm J. JIjg JIeTKUX aToMoB

L= ZIi, S= ZSi , a BeJIMuMHa J MOXET IPUHUMATh
i i

3HaueHusi J =| L +S|, ..., | L —S|. B arom ciyyae maruu-
TOMEXaHNIeCKOe OTHOIICHNE MOXHO BBIYUCIUTH II0
dopmyie Jlanne:

g=1+[JJ+1)+S(S+1)-L(L +1)]/2J(J +1).

[1pu OTCYTCTBUY CYMMapHOTO CITMHOBOTO MOMEHTA
(5= 0) monyuaeTcst g= 1; Ipu paBEHCTBE HYJIIO CyMMap-
Horo opbutasibHoro MoMeHTa (L = 0) BenuuvHa g = 2,
B IPYTUX CIyYasiX BOBMOXHBI TTPOMEXYTOUHBIE 3HaYe-
Hus 1 <g<2.

PaznmuyHbpIM 3HaYeHUSIM KBAaHTOBBIX unced L, Su J,
Kak MpaBUJIO, COOTBETCTBYIOT pa3Hble SHEPreTUUECKUe
YPOBHU aToMa. DJICKTPOHHBIE COCTOSTHUSI aTOMOB Xa-
PaKTEepU3YIOTCSl TaKXe MAarHUTHBIMUA KBaHTOBBIMU
YUCIAMU M, , Mg U M ,;, KOTOPbIE ONPEEISIOT MPOEKLINU
OpOUTAJIBHOTO, CTMHOBOTO U CYMMAapHOTO MOMEHTOB B
3agaHHOM HarmpasiaeHuu (puc. 1). KBanToBele 4mciia
m;, mg 1 m; MOTYT TIIPUHUMATh CJIEIYIOIME HAOOPHI
3HayeHuit: m; = L, L -1, .., —(L -1), =L, mg= S,
S-1,.,-(S-1,=-8S;m=J,J-1,..,-(J-1), -J.
B chepuueckn-ciMMETpUIHOM aTOME OTCYTCTBYET Ka-
Koe-11n00 pu3nIecKu BbIIEICHHOE HallpaBIeHUE OCell
koopnuHart. [ToaToMy Mpu OTCYTCTBUMU BHEILIHETO Mar-
HUTHOTO T0JIs SHEPreTUYeCKre YpOBHU aToMa, Xapak-
Tepu3yeMble pa3HbIMM 3HAUCHUSIMU MarHUTHBIX KBaH-
TOBBIX YMCEJ, COBIAnaioT. IIpMHITO TOBOPUTH, YTO
TaKue dHEPreTMYecKue ypoBHU BBIPOXIEHBI MO Mar-
HUTHOMY KBAHTOBOMY YUCITY.

Ecnn atroM okasbiBaeTcsl BO BHEIIIHEM MarHUTHOM
nosie Hy, To B HarpasieHun Bekropa H, MoxxHO ompe-
NIeJIUTh MPOEKIIMU OpOUTAIBHOTO, CIUHOBOTO U CyM-
MapHOTO MOMEHTOB 3JIEKTPOHOB. B 3TOM ciyyae BbI-
pOXIEHUEe TI0 MarHWTHBIM KBAHTOBBIM  4YUCJIaM
CHUMAETCs — pa3HbIM 3HAYEHUSIM M, , Mg A M, OTBEYa-
10T pa3Hble YPOBHU SHEPTUU. DKCIEPUMEHTAIBHO 3TO
MPOSIBJISIETCS B TOM, YTO CIEKTPaJbHbIE JUHUU Tapa-
MAarHUTHBIX aTOMOB B MAarHUTHOM T10JI€ PACILETUISIIOTCS
(puc. 1). PacmeruieHne 3HepPreTMYECKUX YpOBHEIl B
MarHuTHOM I10Jie ObUTO 0OHapykeHo B 1896 romy roi-
nanackum duszukom I1. 3eemanom. DddekT 3eemaHa
JIeXUT B ocHOBe siBjieHust DITP.

ABNEHUE SNNIEKTPOHHOIO NMNAPAMAIHUTHOIO
PE3OHAHCA

[Tepsbiit curnan DI1P 6bu1 monyyen E.K. 3aBoii-
CKHM, KOTOPBI U3yJYaJl HEKOTOPbIE COJTM MOHOB IPYTIITBI
xKenesa. Mcronb3ys pa3apaboTaHHBIM UM OpUTMHATBHBI
pamMoOTeXHUYECKU METOJ, PerucTpaiuu 3JjeKTpomar-
HUTHOTO M3JIyYeHMsI METPOBOT'O Iuaria3oHa, 3aBOMCKUiA
00HapyXuJ, YyTO €C/IM Ha TapaMarHUTHBIA oOpasell,

COPOCOBCKUIN OBPA3OBATE/IbHbIN XXYPHAT, Ne9, 1997



OHeprusa

E=mgygBH mg=+1/2
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Puc. 1. a - paclwienneHne sHepreTM4eckoro ypoBHs
3/1EKTPOHA B 3aBUCMMOCTN OT MarHUTHOro Nons H,;
6 — 3aBNCUMOCTb MOLLHOCTU P MUKPOBOJTHOBOIO U3-
NydeHus, npolleallero yepesd napamarHUTHbINA 06-
paseu, OT Hanps>XKEHHOCTU BHELUHErO MarHUTHOrO
nons. BennumHa AP — pe30HaHCHOE NOrNoLWweHne MUK-
POBOJSIHOBOrO M3nydeHus (curHan 3MP). lonybas
KpuBas — nepsBasi Nnpon3BoaHas curHana P

TMOMEIIEHHbI B MOCTOSTHHOE MarHUTHOE ToJie, MoaaTh
cjaboe mepeMeHHOoe 3JIEKTPOMAarHUTHOE T0JIe, TO MPU
OIpeNeICHHOM COOTHOIIEHUM MEXIY HaIpsKeHHOC-
TbO H, NOCTOSHHOTO MarHUTHOTIO MOJISI U YaCTOTOM V
TepeMeHHOTro MoJjisi HabJtoAaeTcs MOIJIONIeHWe SHep-
THU 3JIEKTPOMArHUTHOTO MOJisl. YCI0BUEM HaOI0AeHUS
atoro 3¢ deKra IBIseTCs IepneHANKYJIIpHas OpUeHTa-
LIS MAaTHUTHOTO BekTopa nepemeHHoro nosus H, () mo
OTHOILIEHUIO K HaNpaBlIeHUIO cTatudeckoro nomd Hj.
SABneHre MarHUTHOTO Pe30HAHCA MOXHO OOBSICHUTDH B
paMKax KJIaCCUYECKOM U KBAHTOBOI (DU3UKU.

KBaHTOBOMexaHu4yeckasi uHtepnpetayusa MNP

st BBIACHEHUS (DU3MUECKOM KapTHUHBI SIBJICHUS
OIIP paccMoTpuM, KaKuM 00pa3oM MOCTOSIHHOE Mar-
HutHoe nosie H, u nepemenHoe MarHutHoe nosie H, (7)
BJIUSIOT Ha DHEPreTUYECKUEe YPOBHU M30JUPOBAHHOTO
napaMarHUTHOTO aToma (1iu noHa). Kak MbI yxxe oT-
MedJasld, MarHUTHbIE CBOMCTBA aToMa XapaKTepUu3yloT-
csl 3HaU€HMEM KBAaHTOBOTO yucia J — pe3yJbTupyronie-
IO MAarHUTHOTO MOMEHTa. B GOBITMHCTBE XUMUYECKUX
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U OWOJOTUYECKUX CUCTEM, MCCIEIyeMbIX METOIOM
BIIP, opOouTaabHbIe MarHUTHEIE MOMEHTEI ITapamMar-
HUTHBIX LIEHTPOB, KakK TpPaBWJIO, JUOO paBHBI HYIIO,
160 MPaKTUYECKU He NAI0T BKJIaJa B PpETUCTPUPYEMbIE
curHanbl DI1IP. [ToatoMy pany mpocToThl OynemM cuu-
TaTh, YTO TTapaMarHUTHBIE CBOMCTBA OOpas3lia orpee-
JITIOTCSI CyYMMapHBIM CITMHOM aTtoma .

ITpu oTCcyTCTBAM BHENTHETO MATHUTHOTO ITOJIST SHEP-
st CBOOOTHOTO aTOMa HE 3aBUCUT OT OPUEHTALIUU CIIH -
Ha. IIpu BioyeHnn BHelIHero MaruutHoro nous H,
MPOUCXOJIUT pacllelICeHUe YPOBHSI 9HEpTuu Ha 2.5 + 1
MOIYPOBHEM, COOTBETCTBYIOIINX Pa3IMIHBIM ITPOEK-
LIMSIM CyMMapHOTO CTIMHA S B HanpasieHny Bektopa H:

E(mg) = mggBH,,

I7ie MAarHUTHOE CIIMHOBOE KBAaHTOBOE YMCIIO /1, KO-
TOpOE MOXET MPUHUMATh 3HaUeHUust mg= S, S — 1, ...
..o, =(§ = 1), =S. B npocreiiiiem ciayvyae rmapaMarHuT-
HOTO IIEHTpa C OJHUM HeCTapeHHBIM 3JIEKTPOHOM
crvH S = 1/2. DTOMY 3HaYeHUIO CITIMHA COOTBETCTBYIOT
JIBa 36€MaHOBCKUX YPOBHS 9HEPTUU € my= +1/2 1
—1/2, pasnenennsle nHTepBaioM AE = gBH, (puc. 1).
Ecnu 3Heprust KBaHTOB 3JIEKTPOMArHUTHOTO M3JTyde-
HUS € YaCTOTOM V, MEHUCTBYIOIIETO HA CUCTEMY CITMHOB
BO BHEIIIHEM MarHWTHOM TI0Jie, paBHA Pa3HOCTHU HEP-
T MEXIY COCETHUMU YPOBHSIMH, TO €CTb AV = g3 H,
TO TaKoe U3JIydyeHue OyJeT BhI3bIBATh MIEPEXOIbI MEXKITY
SHepreTUYecCKUMM yYpOBHAMHU. B 3TOM ciydyae mepe-
MEHHO€ 3JIeKTPOMarHuTHOE IoJie, UMelollee MarHuT-
Hylo KoMnoHeHTY H,(#), nepneHIuKyIsIpHyIO K CTaTh-
yeckomy nomo H,, ¢ oauHaKoBOil BEpOSATHOCTBHIO
MOXeT WHIYIIMPOBATh MEPEXObl KaK CHU3Y BBEPX, TaK
U CBepXy BHM3. Takue MHAYLIMPOBaHHbBIE MEPEXOJIbI CO-
MPOBOXIAIOTCS M3MEHEHMEM OpPUEHTAllMM CITMHOB
(puc. 2). ComracHo KBaHTOBOMEXaHMYECKUM TIpaBU-
JlaM OTOOpa, BO3MOXHBI JIUIIb TaKWe TEPEXOIbl, TIPH
KOTOPBIX 3HAYEHUE MArHUTHOTO KBAHTOBOTO YKCIa 13-
MeHsAETCA Ha BennuuHy Amg= *1. Takue nepexosl Ha-
3BIBAIOTCS pa3pellieHHbIMU. [lepexon ¢ HUKHETo ypoB-
H$I Ha BEPXHUIA COMTPOBOXKIAETCS MOTJIONIEHEM KBaHTa
3JIEKTPOMAarHUTHOTO U3IydeHus. [lepexon ¢ BepxHero
YPOBHSI Ha HUKHUI TTPUBOAUT K U3TYYEHUIO KBAHTA C
sHeprueit AE = gBH,.

B cocTosiHUM TepMOIMHAMUYECKOTO DPaBHOBECHS
HaceJIeHHOCTU HUXHero (N,) u BepxHero (N,) ypoBHeii
paznuuatorcs. CorlacHo pacrnpeneneHuto bonbimana,

N, OAE]
N, POk

rae N, u N, — KOJTMYECTBO CITMHOB, MMEIOIINX 3HAYe-
HUSI MarHUTHOTO KBAaHTOBOTO yncna mg=—1/2u+1/2,
k — mocrossHHas bonbimana, 7 — aGcomoTHAsT TeMITe-
parypa. [TocKoIbKy HUXKHUE SHEPreTUYeCKUe YpOBHU
HaceJIeHbI OoJIbILIe BEpXHUX YpoBHel (N,/N, < 1), anek-
TPOMarHUTHOE M3JTydyeHHe OyIeT Jallle WHIYLPOBATh
nepexonbl CHU3Y BBepX (IIOINIOIIEHME 3HEPTUM), YEM
repexoabl CBEpXy BHU3 (M3nydeHue a3Heprun). [oato-
MY B 1IeJIOM OyIeT HaGIoaaThCs MOTJIOIIEHNE SHEPTUT
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Puc. 2. MNpeueccus marHutHoro momeHta M napa-
MarHeTvka B NOCTOSIHHOM MarHUTHOM nosne H,. Mop,
[eCTBMEM BpaLLaTeslbHOro MOMEHTa, CO34aBaemMo-
ro nonem Hy, MarHUTHbI MOMEHT COBEpPLLAET KPYro-
Bble BpaLLeHus no o6pasyoLLeit KoHyca ¢ NapMOpOB-
cKOW HacToTon w,_ = yH,. MNpn HanoxeHnn nepemeH-
HOMO MAarHWTHOrO MOAS, BEKTOP HaMpPsXEHHOCTU
KoToporo H; cosepLuaeT Kpyrooe ABMXeHne ¢ nap-
MOPOBCKOW 4acTOTOWM B MJIOCKOCTU, MEPMeHanKy-
napHon Bektopy H,, npovcxoouT nameHeHune yrna
npeueccun, NPMBOAsLLEE K OMPOKUAbIBAHWUIO Mar-
HUTHOro MoMeHTa M. YBenunueHue yrna npeueccum
COMPOBOXAAETCS MOMMOLLEHNEM 3HEePrun 3NeKTpo-
MarHMTHOro nons, yMeHbLLeHne 6 — nany4eHnem c
HacTOTOW Wy

3JIEKTPOMATHUTHOTO IOJIsI TapaMarHUTHBIM 00pa31ioM.
Taxona cytb gpinenuss DI1P. PasHocts sHEpruii cocen-
HUX 3eeMaHOBCKUX YpoBHeli Mana (AE < kT), moatomy
4acToTa M3JYYEHMS] COOTBETCTBYET MUKPOBOJIHOBOMY
VI pariodacToTHOMY auamnasony (A = 3 cMm npu H, =
=3300 D).

o cux mop Mbl paccMaTpyBaJIM UJAEATU3UPOBAH-
HBIH ciydyail — CUCTEMY M30JMPOBAHHBIX ITapaMarHuT-
HBIX aTOMOB, KOTOpbI€ HE B3aMMOIEUCTBYIOT IPYT C
IIPYTOM M C OKpYyXarlel ux cpenoii. Takast uaeanusa-
LIS SIBJISIETCS YPEe3BbIYaiHO CUJIBHBIM YIIPOILIEHUEM, B
paMKax KOTOPOTO HeJb3sl MOJHOCTbIO OOBSICHUTH Ha-
O11r01aeMoe Ha OTbITE PE30HAHCHOE MOTJIOLIEHNE IJIEK-
TPOMAarHUTHOTO M3JydyeHus. [leiicTBUTebHO, TI0 Mepe
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MTOTJIOLIEHUST SHEPTUU 3JIEKTPOMArHUTHOTO TIOJIsT 00-
pa3loM pa3nuve B 3aCEIeHHOCTH 3JHEPreTUIECKUX
ypOBHel OyneT ncue3aTb. DTO 0O3HAYAET, UTO YMCIIO UH-
MYIMPOBAHHBIX NMEPEXOOB CHU3Y BBEPX (MOIJIOIIEHHE
SHEPTUM) CTAHET YMEHBIIAThCS, a YWCIO TEepPEXOa0B
CBepXy BHU3 (u3mydeHme) — Bo3dpacTtath. Ilocie Toro
Kak HacCeJeHHOCTH BEpXHEro M HUKHETro YpOBHEM
cpaBHst0TCs (N, = N,), YMCJIO MOIJIOLIaeMbIX KBAHTOB
CTaHeT paBHBIM YMCIIy UCITyCKaeMbIX KBaHTOB. [ToaTo-
MY B II€JIOM TIOTJIOIICHUE SHEPTUH 3JIEKTPOMArHUTHOTO
U3Ty4YeHUs He TOJKHO Habmonatbesa. B meiicTBUTeNb-
HOCTH, OJHAKO, [1eJI0 OOCTOUT UHAYE.

JI1st Toro 4To0bI MOHSTh, IOYEMY B YCIOBUSIX PE30-
HaHca MapaMarHuTHasl cUcTeMa MOMJIOUIaeT IHEPTUIO
3JIEKTPOMAarHUTHOTO TIOJISI, HEOOXOAMMO y4eCThb SIBJIe-
HUe maeHumnuoi perakcayuu. CyTb 3TOTO SIBJIEHUS 3a-
KJII0YaeTCsl B TOM, UTO ITapaMarHUTHbIE YaCTUILIBI MOTYT
0OMEHUBATbCS SHEPTUEH APYT C APYIOM U B3aUMOJEii-
CTBOBATh C OKPYKAIOIIMMU NX aTOMaMH 1 MOJICKYJIaMU.
Tak, HanpuMmep, B KpUCTA/UIaX CIIMHBI MOTYT Tepena-
BaTh CBOIO 3HEPrUI0 KPUCTAIMYECKON pelleTKe, B
KUAKOCTSIX — MOJIeKyJiaM pactBoputesi. Bo Bcex ciy-
Yasix He3aBUCHMO OT arperaTHOTO COCTOSTHUS BEIllecTBa
10 aHAJIOTUM ¢ KPUCTA/UIAaMU TIPUHSITO TOBOPUTD, YTO
CMUHBI B3aMMOJEHUCTBYIOT C pelleTKoi. B 1mmpokom
CMBbICJIE CJIOBA TEPMMH “peliieTka” OTHOCUTCSI KO BCeM
TETJIOBBIM CTETIEHSIM CBOOOABI CHCTEMBI, KOTOPBIM
CMMHBI MOTYT OBICTPO OTAABATh MOTJIOLIAEMYIO MMU
sHepruio. biaaromapsi GbICTpoii Oe3bI3/TydaTesIbHOM pe-
JIaKCallMi CMUHOB B CHCTEME YCIIEBAET BOCCTAHABIIM-
BaThCsl MPAKTUYECKU PAaBHOBECHOE OTHOIICHHWE 3ace-
JIEHHOCTEN 3€6€MaHOBCKMX IMOAYPOBHEU, MPU KOTOPOM
3aCEeJICHHOCTb HMXKHETO YPOBHSI BBIIIE 3aCeICHHOCTU
BepxHero ypoBHs, N,/N, =exp(-AE/kT) < 1. Iloato-
My 9HUCJIO MHAYLIWPOBAHHBIX TIEPEXOI0B CHU3Y BBEPX,
OTBEYalolIMX TMOIJIOIIEHUIO SHEpPTruu, OydeT Bcerma
MPEeBbIIIATh YMCJIO MHAYLIMPOBAHHBIX MEPEXO0I0B CBEp-
Xy BHM3, TO €CTb PE30HAHCHOE TIOIJIOIIeHNE DHEPTUM
3JIEKTPOMAarHUTHOTO M3Jy4eHUs OyIeT MpeBaIupoBaTh
HaJ U3JTyYEeHUEM.

Knaccuyeckasn umHtepnpetauymsa 3P

JlomycTuM, 4TO ITapaMarHUTHBIE CBOiCTBa oOpasiia
OIPEJETISIIOTCSI MATHUTHBIMY MOMEHTaMU M, BXOSIINX
B HEro 4acTHII, HallpMep MarHUTHBIX MOMEHTOB He-
CIAPEHHBIX 3JEKTPOHOB MMapaMarHUTHBIX aTOMOB WJIA
MoJieKyi. [Ipu OTCyTCTBMUM BHEIIHETO MAarHUTHOTO I10-
JISI MArHUTHBIE MOMEHTBI OTAEJbHBIX MapaMarHUTHBIX
YacTUIl OPUEHTUPOBAHBI XaOTWUYECKM, ITOITOMY CyM-
MapHbIil MATHUTHBIA MOMEHT 00pasLia paBeH Hy/I10. Bo
BHelIHeM MarHuTHOM nosie H, o6pasen; HamarHuuuBsa-
€TCsl, TO €CTh BOZHMKAET HEPaBHBIN HYJII0 CyMMapHbIii
MarHUTHBIA MOMeHT M, OpMEHTHMPOBAaHHBII ITO Ha-
MIPAaBJICHUIO TTOJIS.

IToBegeHne MarHUTHOrO MOMeHTa M BO BHEIIHEM
MarHuTHOM Tmosie H; MOXHO ynonoO6uTh IBUXKEHMIO
MarHUTHOTO BOJIYKA, MMEIOIIETO MeXaHWYeCKMid MO-
MEHT KoyimyecTBa ABWKeHUS J. MarHUTHBIIA MOMEHT
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BOJTYKA TTPOTNOPIIMOHAJIEH €T0 MEXaHUYEeCKOMY MOMEH-
Ty: M = yJ (B cityuae snekTpoHa BekTopbl M u J oprieH-
TUPOBAHBI B TPOTUBOIOJIOXKHBIE CTOPOHBI, TO €CTh Y < 0).
B maruutHOM nose H, Ha BOIYOK AEHCTBYeT Bpala-
TeJbHBII MOMEHT, OIpeesieMblii BEKTOPHBIM MTPOU3-
BeneHneM [M(7) x Hj]. YpaBHeHMe NIBUKEHUST MATHUT-
HOro MoMeHTa M B oCTOAHHOM MarHUTHOM moie H,,
UMeeT BUJL

dM (1) _ 5
S =VIMO xHol,

e Y — OTHOIIEHHe MaTHUTHOTO MOMEHTA K MeXaHU4e-
ckomy. M3 aToro ypaBHeHMs CeayeT, YTO MarHUTHBII
MoMeHT M OyneT nmpeueccupoBarh (COBepIIAaTh KPYro-
BbIe BpallleHus1) BOKpYT BekTopa H,, ¢ kpyrosoii yacro-
Toil W, = —yH,. OT0 ABIEHUE HA3BIBAETCS JTAPMOPOB-
CKoIi mpeneccueit (puc. 2).

JormycTrM Terepb, YTO MOMEILEHHBI B TOCTOSTHHOE
MarHutHoe nose H, obpaser o01ydaeTcs cpaBHUTEIBHO
c/1abbIM TEePEMEHHBIM 3JIEKTPOMArHUTHBIM T0JIEM, Y
KOTOPOro BeKTop MarHutHoro nosist H, () nepnenauky-
JISIpeH NnocTtostHHoMy MarHuTHoMy oo Hy (H, OH, n
|H,| < |H,|). AomycTuMm TakxKe, 4YTO IepeMeHHOE ToJIe
H,(?) nonsapusoBaHo no kpyry, To ectb Bekrtop H,(?)
BpallaeTcs B INIOCKOCTHU Xy C KPYTOBOM 4acTOTOM W, =
=211V, (puc. 2). DTO 3HAYUT, YTO TeNepPb HAa MATHUTHBIN
MoMeHT M OyzeT nelicTBOBaTh IOMOJTHUTENIbHBIN Bpa-
marenbHbil MoMeHT [M(7) x H (7)], co3naBaemblii me-
PEeMEHHBIM MarHUTHBIM mojieM. Eciu yactoTa 3/1exT-
POMAarHUTHOIO M3JyYeHUsl W), CUJIbHO OTIMYAETCS OT
4acTOTHI JJAPMOPOBCKOM MpPELECCUM )y, TO MePeMEH-
Hoe nosie H () He OynmeT oKasbIBaTh CyLIECTBEHHOIO
BJIUSTHUSL Ha Tipelieccuto Bektopa M. B atoM ciydae
pasHocTb (a3 mexny Bekropamu M(7) u H,(7) HenocTo-
SIHHA, TI03TOMY CpeHee 110 BpeMeHU 3HaYeHUE SOOI~
HUTEJIBHOTO BpalarenbHoro MomeHrta [M(7) x H,(7)]
Oynet paBHO HyJ110. OTHAKO MO Mepe MPUOJIKEeHMST yac-
TOTBI MIEPEMEHHOTO 3JIEKTPOMArHUTHOTO MOJIS W, K Yac-
TOTE TApPMOPOBCKOI MPeLiecCU W, BIUSHUE MTEPEMEH-
Horo nong H,(f) Ha nBuxeHue Bekropa M OynmeT
CTaHOBUTLCS 3aMeTHee. [Ipy coBnageHnn 4acToT w, U
w, Bektopsl M(#) u H,(7) 6yayT BpalaTbcst CAHXPOHHO.
OTO 3HAYMUT, 4TO B YCIOBUSAX PE30HAHCA (W = W) ) abco-
JIIOTHAsI BEJIMYMHA JOTMOJHUTEIBLHOTO BpalllaTeIbHOTO
MomeHTa [M(#) x H,(#)] OyneT moctosiHHa U Bceraa oT-
JuyHa oT HyJist. [loaToMy paxke ciaboe mepeMeHHOe
niosie H,(f) MOXeT CyIIeCTBEHHO BIMATH Ha IPELIECCUIO
BeKTOopa HamarHudeHHoctu M(7). Ilox meiicTBuem Ie-
pemenHoro nosist H,(7) yron npenieccuu 0 cTaHeT nepu-
OIMYECKM W3MEHSITbCS: BEKTOP HaMarHUWYeHHOCTH
M(#) OyneT To IpUOAMXKATHCS K TJIOCKOCTH XY, TO yla-
JISIThCS OT Hee (puc. 2).

Kaxk Mbl 0OTMeYaJly BblllIE, SHEPTUSI MATHUTHOTO MO-
MeHTa M BO BHEIITHEM MarHUTHOM T10JIe 3aBUCUT OT €T0
opuentanuu, £=—-(M [H) = —-|M| OH|cos8. OTkio-
HEeHHUe BeKTopa HamMarHudyeHHocTu M(7) ot ocu z (yBe-
Ju4yeHue yria mnpeueccuud 6) oTBevaeT yBEIUUYEHUIO
9HEPTUU NTapaMarHeThKa, KOTOpoe MTPOUCXOIUT 3a CUET
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MOTJIOLIEHUST SHEPTUU IMEPEMEHHOT0 MarHUTHOTO MOJIst
H, (9. ITpubmmxenue Bekropa M(#) K ocu 7 (yMEHBIIIE-
HMe yriaa 0) compoBOXIaeTcsl TTOHWXKEHUEM dHEPTruu
MarHuTHOro MoMeHTa M, KoTopast OyIeT BhIIEJThCS B
(bopme 3JIEKTPOMarHUTHOTO W3JIyYeHUsI C PEe30OHaHC-
HOl# JacToTol W,,, = W . Takum obGpasom, eciam oOT-
BJIEYbCSI OT TIPOLIECCOB MAarHUTHOM penakcaluu, TO
OKa3bIBaeTCsl, YTO B TEUEHUE MOTYyNepHoa, KOTa BeK-
Top M(?#) npubIMKaeTCs MO HANpPaBICHUIO K BEKTOPY
BHEIIHero MaruutHoro nosst Hy, sHeprust mepeMeHHO-
0 MAarHUTHOTO MOJISI OYyAeT U3 TydaThbesl 00pas3lioM, a BO
BpeMsl CJIEAYIOLIEro TMoJyrepruoga — IOTJIOIAThCS.
IToaTomy, Kazanock Obl, B 1I€JIOM ITapaMarHUTHBIN 00-
pasell He JTOJDKEH TOTJIONIaTh SHEPTUI0 3JIEKTpoMar-
HUTHOTO M3NydeHus. OQHAKO CIIMHBI MOTYT Oe3bI3Ty-
yaTeJabHO (B BUIE TeIJia) OTAaBaTh MOMIOIAEMYIO UMU
SHEPTUIO PeIlIeTKe, B pe3y/IbTaTe YeTro Pe30HaHCHOE I10-
TJIOIIEHNE SHePTUU OYIeT TTpeobIaaaTh Hall U3TydeHM -
eM. Tak MOXHO 0OBbsSICHUTH siBiieHrue DIIP B pamkax
KJIaCCUYECKOI (HEKBAHTOBOM) (hU3UKU.

3aMeTM, YTO YCJOBHEM PE30HAHCHOIO MOIJIOLIe-
HUSI 9HEPTUM 3JIEKTPOMATHUTHOTO U3JTyYeHUS SIBJISIETCS
HE TOJIBKO PaBEHCTBO YaCTOT W U W , HO U COBIAICHUE
HamnpaBJIeHUs] KPYroBoll MOJSIpU3alluM TIePEMEHHOTO
nonst H, () ¢ HanpaBieHMeM IpeliecCuy BEKTOpa Ha-
MarHnyeHHocty M(7) B mone H,,. Ha mpaxkTuke mons3y-
IOTCS JIMHEWHO TOJISIPU30BaHHBIM 3JIEKTPOMAarHUTHBIM
U3JIy4YeHeM, KOTOpOe BCEraa MOXHO TpEeACTaBUTh B
BUJIE CYTEPIO3ULIMU IBYX U3TYYeHU OMMHAKOBOI Yyac-
TOTBI, TIOJIIPU30BAHHBIX 110 KPYTY, HO BpalllaOIIMXCs B
passbie ctopoHbl. CiekrpoMeTphl DIIP ycTpoeHs Taxk,
YTO ¢ 00pa3lioM B3aMMOJEICTBYET TOIbKO MPaBUJIBHO
MOJISIPU30BaHHast KOMITOHEHTA.

Otkpbituio DITP npeiiecTBoBaIv HECKOIBKO paboT
BoIgatommxcs pusukoB. Emie B 1922 rogy A. DiHIITETH
u I1. DpeHdecT yImoMsHyIN 0 BO3MOXHOCTH IIEPEXOI0B
MEXIy MarHUTHBIMU HEPTreTUYECKUMU MOAYPOBHIMU
aToMoOB noj AeiicTBueM usiaydyeHus. Mcxonst us atoro,
A.I. Jopdman B 1923 romy npenckaszan pe3oHaHCHOE
TIOTJIOIIEHNE DJIEKTPOMATHUTHOTO M3JTY4eHMsl Mapa-
MmarHetukamu. Tomnanackuit pusuk K.W. Toptep mbi-
TaJICsl HETOCPEICTBEHHO 3apernCTpUpOBaTh PE30HAHC-
HOe TIOMJIOLIEHWE OJHEPrMM  IMapaMarHeTMKamu
KaJOpUMETPUUECKUM METOJOM, OCHOBaHHBIM Ha M3-
MepeHUu TeruioBoro 3gdekra. OQHAKO 3TOT METO.
OKazaJjiCsl HeIOCTaTOYHO YYBCTBUTEJIbHBIM. BriepBbie
3apeructpupoBath curHaiibl D[P ynanocs E.K. 3aBoii-
CKOMY, KOTOPBII BOCIIOJIL30BAJICS JJIST 9TOTO PanIuOTEX-
HMYECKMM METOIOM U pa3paboTaj COOTBETCTBYIOLLYIO
BBICOKOUYBCTBUTEIbHYIO armaparypy. [lepByto TeopeTu-
YecKylo nHTepnperanuio sseiaeHus DI1P kak nHaympo-
BaHHOTO PE30HAHCHOTO Tepexoja MEXAy COCETHUMU
3eeMaHOBCKUMMU ypoBHSIMHU fan S.U. dpeHkenb.

CMEKTPOMETPbI MNP

E.K. 3aBoiickuii mpoBOaW CBOU IEPBbIe U3MEpPE-
HUs B PaJiMOYyacTOTHOM JMara3oHe 3JeKTPOMarHuT-
HOTO M3Jy4eHUsT (A = 25 M), KOTOPOMY COOTBETCTBYET
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PE30HAaHCHOE 3HAYEHHWEe MarHutHoro monsa H
=hv/(gB) =4 D. 3aTeM OH UCTIOIH30BaT MUKPOBOJTHO-
BO€ M3JTydeHUe 1 Haboal pe30HaHCHOE TIOTJIoNIeHIE
3HEpruu B noJjissx okojo 1000 3. B nanxpHeiiiem quarna-
30H M3IYYeHUM, MCIOJb3YyeMbIX [JISI pPErucTpaliu
BIIP, cymecTtBeHHO pacimpuics. B HacTosiee BpeMst
B criekTpoMeTpax DIIP gaiie Bcero MCIOIb3YIOT UCTOY-
HUKU DJIEKTPOMAarHUTHOTO M3JIy4YeHUsI B WHTEpBaJle
JUTH BOJIH A = 2 MM—10 ¢M, COOTBETCTBYIOIIIETO THAATIa-
30HY cBepXxBBICOKUX 9acToT (CBY).

DKCNepUMEHTaIbHO MOI00paTh YCJIOBUS IapaMar-
HUTHOTO pe30HaHca MOXHO AByMs crtocobamu. [Tomec-
TUB 00pa3ell B TOCTOSHHOE MATHUTHOE 1oJie M, MOXHO
3aTeM IMOCTENEHHO U3MEHSITh YaCTOTY 3JIEKTPOMArHUT-
HOro u3nydyeHus1. [1o JOCTMKEeHUM pe30HaHCHOM Yac-
TOTBI 0Opa3ell HAuYHET MOIJIolAaTh 3Hepruto. MiMeHHo
TaKk OBUIM YCTPOEHBI caMbie TeEpBble CIEKTPOMETPBI
OITP. OgHaKO U3MEHSTh YaCTOTY MUKPOBOJIHOBOTO M3-
JIy4eHUsI B IIMPOKOM Juarna3oHe BeCbMa HEIPOCTO.
IMoatomy B majbHEMIIIEM CTaI UCIIOIb30BaTh APYTOi,
TeXHUUYECKHU ropa3no 0oJiee IMpoCToil M YIOOHBIN CII0-
€00, KorjJa Mpu MOCTOSIHHOM 3HaY€HUU YaCTOThI V Te-
PEMEHHOTO MOJISI MEIJEeHHO M3MEHSIIOT MarHUTHOE
MmoJjie, TOOMBasICh TeM CaMbIM BBITTOJTHEHUST YCIIOBMS
pesoHanca hv =gBH,

e3

Cxema TIpOCTeMIeld YCTAHOBKM [IJISI PEerUCTpaiiu
OIIP mpencraBneHa Ha puc. 3. Crnekrpomerpsr DI1P
BKJIIOYAIOT B ce0s1 B KaUeCTBE 00s13aTeIbHBIX 3JIEMEHTOB
clieyIolIe yCTpOCTBa.

1. IeHepaTop 3JEKTPOMAarHUTHOTO W3TyYEeHUS
(OOBIYHO /17151 ATOH 11U UCIIONB3YIOT YCTPOICTBA, Ha-
3bIBa€Mbl€ KJIMCTPOHamMu). B coBpeMeHHBbIX CIEKTpPO-
meTtpax DIIP yame Bcero MCIIONB3yeTcs M3IIydeHUE
TpexcanTumeTpoBoro auamnazoHa CBY (A = 3 cm), Ko-
TOpOE cooTBeTcTBYeET YacTote V = 10" Tir.

2. BomHOBOOBI — MOJbIe MeTaUIMYECKHe TpPYyOhl,
HUMeIOIlKe B CEYEHUU TIPSIMOYTOJIbHYIO0 (hopMy. BoHo-
BOJIbI TpeAHAa3HAYEHbI IS TIepeadn 3J1eKTPOMarHuT-
Horo CBY-m3nyyeHus: oT reHepaTopa K o0pasily u OT
obpa3sua K gerekropy momHoctu CBY.

3. O0BbeMHBIE pe30HATOPHI, BHYTPU KOTOPBIX KOH-
LIEHTPUPYETCSI SHEPTUS JIEKTPOMArHUTHOTO M3JIyde-
HUsl. CxeMa pacrnoioKeHUsI CUJIOBBIX JTUHUIM MarHuT-
HOTO U 2JIEKTPUYECKOTO MoJIel B pe30HATOpe MoKa3aHa
Ha puc. 3. B leHTpaJbHOI YacTH pe3oHaTopa, TIe uMe-
€TCS MyYHOCTh NTEPEeMEHHOT0 MarHUTHOTO TI0JISI, TIOMe-
1aeTcs uccaenyeMblit oopasell.

4. DeKTpOMarHuT, B 3a30pe KOTOPOIO HAXOIUTCS
pe3oHaTop. MeHsisl TOK, MPOTeKaloLInii yepe3 0OMOTKY
3JIEKTPOMArHUTa, MOXHO PETyJMpoBaThb HampsKeH-
HOCTh MarHMTHOTO TOJIsI B 3a30pe 3JIEKTPOMarHuTa.
J1J1s1 co3maHusi CHIIBHBIX MAaTHUTHBIX TTosieit (H = 50 kD),
KOTOpbIE HEOOXOMUMBI IJIs CO3MaHUsSI YCJIOBUI Pe3o-
HaHca MpU UCIOJb30BAHUM KOPOTKOBOJHOBOTO U3JY-
yeHust CBY (A = 2 MM), B HacTosIIIIee BpeMs MCITOTb3Y-
0T MarHUTHI CO CBEPXITPOBOASIIINM COJCHOMIOM.

5. JIeTeKTOp 2JIEKTPOMAarHUTHOTO U3 TyYCHMS.
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Puc. 3. a - cxema cnektpomeTpa AlMP: 1 — reHe-
paTop MUKPOBOJIHOBOIO U3Jly4eHusi, 2 — BOJIHOBOA,
3 - pe3oHatop, 4 — MmaruuT, 5 — AeTEKTOP MUKPOBOJI-
HOBOIO M3ny4yeHusi, 6 — ycunutens curHana 3P, 7 -
pernctpupyowme ycrponctea (3BM mnnu ocuunno-
rpad); 6 — pacnpeneneHne CUNoBbIX IMHNA MarHUT-
HOro (ronyoble MHUN) 1 3NeKTPUYEeCKOoro (KpacHble
NIHUW) NONEN B pe3oHaTope

6. DIEKTPOHHBIN YCUJINTEIb CUTHATA, BHIIaBaEMO-
IO IETEKTOPOM.

7. Peructpupyroliee ycTpoiicTBo (ociusuiorpad, ca-
morucelr i DBM), Ha kotopoe nogaetcst curaan S11P.

B cniekTpoMeTpax npoxomgHoro tumna (puc. 3), KOTo-
pble KOHCTPYKTUBHO HambOoJjee MPOCThl, HEMOCPEICT-
BEHHO PErucTpUpyloT MollHOcTh P msnyyeHus CBY,
TOMAaJa0IIero Ha AETEKTOP MOocCe MPOXOXKAESHUS U3TY-
YeHUsI yepe3 pe3oHaTop ¢ obpasuoM. [Ipu aToM usme-
PAIOT 3aBUCMMOCTb MOITHOCTH TIPOIIEAIIEro M3Iyde-
HUSI OT HAIIPSDKEHHOCTH nonist Hy, TO eCTh 3aBUCUMOCTh
P = P(H,). Ecnn nuana3oH W3MEHEHWII MarHUTHOTO
nonsl H, BkitoyaeT B cebsl pe3oHaHCHOe 3HaueHue H

€3
TO MPH TOCTIKEHWU BEJMYMHBI Tonst Hy = H, MO?.L[-
HOCTb M3Jy4eHHUSI, MOMAJalolIero Ha IeTEeKTOp, OyaeT
yMeHblIaTbes (puc. 1). YMeHblIeHne ToKa IeTeKTopa,
Ha3piBaeMoe curHajioM DIIP, aBisieTcss cBUmETENbCT-
BOM TOTO, UTO MCCJIeayeMasl CUCTeMa COACPXKUT Iapa-

MardiuMTHBIC YaCTUILIbI.

JI71s1 TIOBBIIIEHUST YYBCTBUTEJILHOCTU CIIEKTPOMET-
POB MIPUMEHSIIOT 60Jiee CIOXKHBIE CXeMbl PETUCTpalluu
curHasioB DI1P. B yactHocTH, BO BCeX COBPEMEHHBIX
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cniekrpomeTpax DI1TP nucnonb3yeTcst IpUHIIUIT BBICOKO-
YacTHOW Momymsiiuu mosst H,, Korna Ha JIMHEeHO Me-
HAtolLeecs nosie Hy HakIagbplBaeTcs c1aboe MOIyJIUpy-
touiee nojie H  , U3MeHsoLIeecs 10 CUHYCOUTATbHOMY
3aKoHY. B pesynbrare Ha BBIXO/IE€ CIIEKTPOMETpA IMOSIB-
nstercst curHan DI1P, mpeacrapistionuii codoii mepByIO
npoussoaHyto nornoweHusa CBY or nons H,, To ecTb
0P/0H,. Vcrionp3oBaHNE 3TOTO M IPYIUX KOHCTPYK-
TUBHBIX MPUEMOB TO3BOJISIET CYIIECTBEHHO MOBLICUTH
YYBCTBUTEJIBHOCTh W pa3peliaolIyld CIOCOOHOCTh
cnektpomeTpoB DIIP.

OCHOBHbIE XAPAKTEPUCTUKN CNEKTPOB 3MP

PaccMoTpuM KpaTko HEKOTOpbIE XapaKTepUCTUKU
curHajgoB DIIP, koTopble MOIryT JaBaTh BaKHYIO MH-
dopmarnio 06 mpupoae U SJIEKTPOHHOU CTPYKType na-
paMarHUTHBIX YaCTHII.

g-PaKTop

INonoxenne muuuu B criektpe DIIP xapakTepusy-
eTcsl BeIMYMHOM g-(hakropa. PesoHaHCHOe 3HauYeHUeE
MAaTrHUTHOTO TOoJis1 00paTHO MPOMOPLUUOHAIBHO g-(hak-
Topy, H,.,= hv /(gB). IamepeHue BeTnInHbI g-akropa
JaeT BaXHYI WHGOpMaLMI0 00 MCTOYHMKE CHUTHaja
DITP. Kak 6bU10 cKa3aHO BBILIE, JJ1S1 CBOOOJHOTO DJIeK-
TpoHa g = 2. C y4eToM NOMNpaBKU, OOYCITOBIEHHOM B~
HueM QayKTyaluil 3J1eKTPOH-MO3UTPOHHOTO BaKy-
yMma, aTa BeiquuuHa coctasisier g = 2,0023. B oueHb
MHOTHMX BaXHBIX CITyJasix (OpraHW4eckKue CBOOOTHBIC
paavMKaibl, TapaMarHUTHBIE AeheKThl KPUCTAJINYEC-
KHUX PEUIeTOK U Jp.) BeUYUHBI g-(HaKTOPOB OTJINYAIOT-
¢S OT YUCTO CITMHOBOTO 3HAYEHUSI He 6oJiee YeM BO BTO-
pOM 3Hake TocJie 3ansaToit. OMHaKo 3TO He BCETaa Tak.
ITapaMarHuTHBIE YacCTHUIIbI, HCCIeayeMble METOIOM
DOITP, Kak mpaBuJIo, He SIBJSIIOTCSI CBOOOIHBIMU aTOMa-
Mu. BozneiicTBre aHU3O0TPOITHBIX 3JEKTPUUECKUX TT0-
JIel, OKPYXalOIIUX aTOMOB, paclieTUIeHUe 3eeMaHOB-
CKUX YPOBHEI B HyJE€BOM BHEIITHEM MArHUTHOM TIOJIie
(cM. Hixe) U apyrue 3¢ deKThl YacTo MPUBOIST K CY-
1IECTBEHHBIM OTKJIOHEHUSIM g-(haKTopa OT YMCTO CIU-
HOBOTO 3HAYeHUS U K €0 aHU30TPOIHNH (3aBUCUMOCTHU
g-dakTopa oT opueHTalMu o0pa3lia BO BHEIIHEM Mar-
HUTHOM T10J1¢). 3HaUUTebHbIE OTKIIOHEHUS g-(aKTOPOB
OT YMCTO CIMMHOBOTO 3HaueHus g = 2,0023, KaK MbI yke
OTMEYaJii BBIIIE, HAOMIOAAIOTCS TIPY HAJIWUYWUU JTOCTa-
TOYHO CWJIBHOTO CITMH-OPOUTAILHOTO B3aMOEHCTBHSI.

ToHkasa cTpykTtypa cnektpoB JIP

Ecnu ciiHOBBIM ¥ OpOUTATILHBI MOMEHTHI B aTOME
OTJIMYHBI OT HYJIsI, TO 3a CUET B3aMMOJEHCTBHUS CIIMHO-
BOro M OpOUTAJIbHOIO MOMEHTOB (CITMH-OpPOUTAIIBHOE
B3aMMOJIEHCTBUE) IHEPTreTUUECKUE YPOBHU MOTYT JIO-
TOJTHUTENILHO paclIenuThes. B pe3ynbraTe 3TOro BHI
cnektpa DIIP yclIoXHUTCS X BMECTO OZHOM CHEKT-
panbHOI TMHUK B crieKTpe DIIP mosBsaTcs HeCKOJIbKO
nuHui. B aTOM cityyae roBopsT o ToM, uTo criektp DI1P
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UMeeT TOHKYI0 CcTpyKTypy. [Ipym Halmuuuum CUIBHOTO
CITMH-OPOUTATBHOTO B3aMMOICHCTBUS pacllericHe
3eeMaHOBCKMX YPOBHE MOXET HaOII0MaThCs AaxKe TPpU
OTCYTCTBMU BHELTHETO MAaTHUTHOTO TOJISI.

MBI NPOWJLTIOCTPUPYEM TTOSIBJICHE TOHKOI CTPYK-
Typbl Ha mipuMepe criektpa DITP XxpoMoBbIX KBacIlOB.
Hou Cr’* uMeeT cyMMapHBIil criuH 3/2 (Tpy HecriapeH-
HBIX 2JIEKTPOHA), CJIea0BaTeIbHO, BO3MOXHBI YeThIpe
3Ha4YEeHUs] MarHUTHOTO KBAaHTOBOTO 4YWcna: mg = 3/2,
1/2,-1/2 1 -3/2. B XxpoMOBbIX KBacLlax CUJIbHasl CITUH-
opbuTasbHas CBSI3b M 3JIEKTpUYecKas aHWU30TPOITHS
KPUCTALIMYECKON PElIeTKU TPUBOASIT K TOMY, 4TO
pacileruieHe SHePreTUYECKOTO YPOBHSI IIPOUCXOIUT B
HYJIEBOM TI0Jie, TIPM 3TOM 3HEPreTUYeCKHil YPOBEHBb
paclIeTuUIsieTCs] Ha IBa YPOBHSI, COOTBETCTBYIOIIME 3HA-
yeHUsIM mg=*3/2 n +1/2 (puc. 4). B MarHuTHOM Mo-
JIe KaXIblil U3 3TUX YPOBHEW paclIeruisieTcsi Ha IBa

E mg=+3/2
AE
+1/2
mg=+1/2 — i AE
mg = +3/2 — AE
s =%/ -1/2
(Hy=0)
AP
-3/2
| | |
0 MarHuTtHoe none HO

Puc. 4. Cxema aHepreTu4eckux ypoeHei noHos Crét,
WAIOCTPUPYIOLLIAA BOSHUKHOBEHNE TOHKOWM CTPYKTY-
pbl cnekTpa MNP

TTOAYPOBHS. YUMUTHIBASI TPABUJIO OTOOPA TS TIEPEXOI0B
MEXIy 3JIEKTPOHHBIMU 3e€MaHOBCKUMU YPOBHAMU
(Amg = %£1), MOJY4NM cXeMy JIEKTPOHHBIX EPEXOIOB,
MokaszaHHY1o Ha puc. 4. VI3 Toii cxeMbl BUZTHO, UTO YCJIO-
BHe pe3oHaHca (AE = gBH) GymeT BBIIOJHITBLCS TPU
TpeX pa3HbIX 3HAUEHUSIX MATHUTHOTO TT0JIs, OGJ1aroaapsi
yemy B criekTpe DI1P mosiBsITCS TpU pe30HAHCHBIE JIU -
HUU, TO €CTh BO3HUKHET TOHKasI CTPyKTypa criekTpa DITP.

CBepxTOHKas CTpyKTypa cnektpos JMNP

Eciu kpoMme HecnmapeHHBIX 3JIEKTPOHOB UCCIIE-
IyeMblii TapaMarHUTHBII 0Opa3el] COmepPKUT aTOM-
HBbI€ s1apa, o0JanaplIue COOCTBEeHHBIMIA MarHUTHBI -
mu moMeHTtamu (‘H, D, "N, ®C u 1.1.), To 3a cuer
B3aMMOJIEICTBUS DJIEKTPOHHBIX U SAEPHBIX MATHUTHBIX
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MOMEHTOB BO3HMKaeT cBepxToHKasi ctpykrypa (CTC)
CIIeKTpa.

Paccmorpum BoszHukHoBeHue CTC Ha mpumepe
B3aMOJIEHCTBUS HECTTAPEHHOTO 3JIEKTPOHA C TTapaMar-
HUTHBIM s1IpoM a30Ta (puc. 5). Takoe B3auMoneiicTeue
Habonaetcs B Mosiekysie NO, a Takke B HUTPOKCHUITb-
HBIX paluKaniax, KOTOpbIe IMPOKO UCTIOIL3YIOTCS ISt
WUCCIEMOBAaHUS Pa3IUYHBIX OMOJOTUYECKUX CHCTEM.
Ecnu HecrapeHHBI 3JI€KTPOH JIOKAJIM30BaH BOJIW3U
sapa a3oTa, TO K BHEIIHEMY MarHMUTHoMy nomo H,
NeHCTBYIOIIEMY Ha 3JIEKTPOH, 100aBsIeTCSI MAaTHUTHOE
0JIe, CO3/1aBaMOE MAarHMTHBIM MOMEHTOM W, siApa
azora. Aapo azora mmeer crimH [ = 1, MO3TOMY BO3-
MOXHBI TPU MPOEKLMU MarHUTHOTO MOMEHTa W,: IO
HanpapJIeHUIO, MEePIIEHANKYJISIPHO U TPOTUB BHELLTHETO
MarHutHoro nossa Hy. OTum opueHTanusaMm snepHOro
CIIMHA COOTBETCTBYIOT 3HAYCHUST MATHUTHOTO KBaHTO-
Borouucia [,=+1, 0, —1. [losromy 3a cuer B3aumonei-

z AS, = *1 AL=0
H A r Sl
S,=+1/2 : —t 0 (=1,
-1
H AE=gpH
-1
S,=-1/2\-— Y 10 b=l
z + z
AP Y g
T 1]
T H
hv
H, = —
° 7 gB

Puc. 5. Cxema aHepreTnyecknx ypoBHel, UNOCT-
pUpYIoLLLAA BOSHUKHOBEHME CBEPXTOHKON CTPYKTYPbI
cnekTtpa 3P napamarHnTHon monekynbl NO

CTBUSI HECTTAPEHHOTO 3JIEKTPOHA C SIPOM a30Ta KaKAbIi
U3 3eeMaHOBCKMUX YPOBHEH 3HEPTMM HECIapeHHOTO
9JIEKTpPOHA PACIISIIMTCSI HAa TPU IOAYpPOBHs (puc. 5).
WHpynupyeMble MUKPOBOJTHOBBIM M3JYyYeHUEM Tepe-
XOIbl MEXIY SHEPreTMUYECKUMU YPOBHSMU JOJIKHBI
YIOBJIETBOPSITh KBAaHTOBOMEXaHUYECKUM IIpaBUIaM
oroopa: AS, = 1 (opueHTaLMsI CNIMHA 3JIEKTPOHA U3ME-
Hsercs) u Al = 0 (opyeHTauus sIEPHOTO CIIMHA COXpa-
HseTcs). TakuM o0pa3oM, B pe3ysibTaTe CBEPXTOHKOTO
B3auMozelicTBus B criekTpe DITP HuTpokcuimbHOTO pa-
NTUKaJa MOSBSATCS TPY JIUHUHU, COOTBETCTBYIOIINE TPEM
BO3MOXKHBIM OPUEHTALIMSIM MAarHUTHOTO MOMEHTA Siipa
asora (I,=-1,0, +1).

LUnpuHa cnekTpanbHOW FIMHWUN

CurHanbl OITP xapakTepusyloTcsl onpeneaeHHOn
LIIUPUHOM CIIeKTpaibHON JUHMU. CBA3aHO 3TO C TeM,
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YTO 36€MaHOBCKME YPOBHU IHEPTUU, MEXKITY KOTOPBIMU
TIPOUCXOMAT PE30HAHCHBIE TIEPEXOIbl, HE SBISIOTCS
0eCKOHEYHO Y3KMMU TUHUAMU. Eciiui BciiencTBue B3au-
MOJIEHCTBUS HECTIAPEHHBIX 3JIEKTPOHOB C APYTUMU Ma-
paMarHUTHBIMU YaCTUIIAMM W PEIIETKON 3TH YPOBHU
OKa3bIBAIOTCS Pa3MBITBIMU, TO YCIIOBUS pe30HAHCA MO-
TYT peaj30BaThCsl HE TPU OTHOM 3HAaUeHUH rosst H, a
B HEKOTOPOM HWHTepBaJie mnoseil. YeM cuibHee CIuH-
CIMIMHOBOE M CIIMH-PEIIETOYHOE B3aUMOICCTBYS, TEM
IMpe CrieKTpaibHas TMHUS. B Teopyyu MarHUTHOTO pe-
30HaHCa MPUHATO XapaKTepu30BaTh B3aUMOIEHCTBUE
CIIMHOB C PEIIEeTKOW TaK Ha3blBAEMbIM BpEMEHEM
CIIMH-PELIeTOYHOM penakcaluu 7, a B3aMMOAEHCTBIE
MeXIy CTMHAMU — BPEMEHEM CIIMH-CITMHOBOM pellak-
cauuu T,. llupuna onnHouHoit tuHuKM BITP o6paTHO
MPOMOPLUMOHATIbHA 3TUM MapaMeTpaM:

AHOT], T,

Bpemena penakcauun 7, u 7, 3aBUCAT OT IPUPOJBI Ma-
pPaMarHUTHBIX LIEHTPOB, UX OKPYKEHUSI U MOJIEKYJISIp-
HO MOABUXXHOCTH, TEMIIEPATYPHI.

UccnenoBanue popmel criekrpa DI1P B 3aBucnmo-
CTH OT pa3INYHBIX (PU3NKO-XUMUIECKUX (PaKTOPOB SIB-
JIIeTCsl BAXKHBIM UCTOYHHUKOM MHGbOPMALIMU O TPUPOIE
M CBOWCTBax MapaMarHWTHBIX LieHTpoB. Ha puc. 6, a
rmokaszaH TMnuuHbIi criektp DI1P ogHoro us crabuib-
HBIX a30TOKMCHBIX CBOOOTHBIX PaJMKAaJIOB, KOTOPBIE
4acTo YMOTpeOJIIIOTCS B XMMMYECKUX U OModu3ndec-
Kux uccieaoBanusix. @opma criekrpon DITP Takmx pa-
IUKAJIOB YYBCTBUTEIbHA K UBMEHEHUSIM UX OKPYKEHMS
1 TIOABMXXHOCTH, TIO3TOMY OHU 4aCTO UCIIOJIb3YIOTCS B
KayecTBe MOJIEKYJSIPHBIX 30HIOB, C MOMOIIbIO KOTO-
PBIX U3y4alOT MUKPOBSI3KOCTb U CTPYKTYPHbIE U3MEHE-
HUS B pa3JIMYHbIX CUCTEMAX: B pacTBOpax, MojMMepax,
OMOJIOTMYECKNX MeMOpaHaX M MaKpOMOJIEKYJISIPHBIX
KOoMIUIeKcax. Tak, HarmpuMmep, U3 TeMIepaTypHbIX 3a-
BUCHMMOCTE WHTEHCUBHOCTM W IIHWPUHBI CIEKTPOB
BITP cnnHOBBIX 30HI0B MOXHO TTOJTYYUTh BaXKHYIO UH-
dopMaiuio o pa3oBLIX IEPEXOaax B CUCTEME, COAepXKa-
el mapaMarHuTHbIe IIeHTphl. Ha puc. 6, 6 mokasaHa
TeMriepaTrypHasi 3aBUCUMOCTb OJIHOTO M3 TapaMeTpoB
cnexkrpa OI1P (AH, , — paccTossHMe MeXay KpallHUMHU
komnoHeHTamMu CTC) miss a30TOKMCHOTO paauKada,
PacTBOPEHHOTO B MHOTOCJIOMHOM TIJIEHKE XKUJIKOKPUC-
TaJUIMYECKOro Tuma, chOPMUPOBAHHONW M3 MOJIEKYJ
nucreapodocharuaunxonuta. [logoOHbIE CTPYKTYpbI
COCTaBJISIIOT OCHOBY OMOJIOTMYeCKUX MeMOpaH. BumHo,
YTO TEMIIEpPATypHas 3aBUCUMOCTb mapaMerpa AH,
MMeeT XapaKTePHbI U3JIOM, IO KOTOPOMY MOXHO CY-
IUTh O TOM, 4TO IIpu TeMiepatype 53°C B cucreMe
MIPOUCXOAUT (Pa30BBIN IIEPEXO, COIMIPOBOXIAIOIIAI-
csl yBeJIMUEHVEM TIOABUKHOCTU MOJIEKYJ a30TOKHUC-
HOTO pajauKana.

IMepeuncieHHBIE BBIIIE XapaKTEPUCTUKU CIIEKT-
poB OIIP — g-dakTop, TOHKass M CBEPXTOHKAs
cTpykTypa crnekrpa DI1P, upuHbI OTAEIbHBIX KOM-
TMIOHEHT CITEKTpa — SIBIISIFOTCSI CBOEro poja “Iracmop-
TOM” TapaMarHUTHOTO 06paslia, 0 KOTOPOMY MOXKHO

COPOCOBCKUIN OEPA3OBATE/IbHbIN XXYPHAT, Ne9, 1997
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Puc. 6. a - cnekTp 3P HUTpOKCUNIbHOrO pagukana,
PacTBOPEHHOI0 B MHOIOC/IOMHON MJIEHKE U3 MOne-
Kyn pucteapodocdaTtnannxonmHa. Popma cnekrpa
OlP onpepenseTca MONEKYNSPHOM NOABUXHOCTLIO
1 OpUEeHTaLMen HATPOKCUIIbHOIO paaunkana; 6 — 3a-
BMCMMOCTb napametpa cnektpa 3P AH,,, OT Tem-
nepartypbl. Pe3koe ymeHblieHne napametpa AH, ..
npu Temnepatype 53°C 06ycnoBneHo yBeanyeHmem
MOJIEKYNSIPHON MOABMXHOCTWU pagukana B pe3yib-
TaTe $Ha30BOro nepexopa Monekyn aucreapodoc-
daTtngunxonuHa M3 reneobpasHoro (“tBepaoro”)
COCTOSIHUS B XXMOKOKPUCTaNIn4eckoe (“xmakoe”)

uaeHTuGUIMpoBaTh MCTOUHUK curHaia DI1P u ompe-
NEIUTh ero (PU3NKO-XUMHUYECKUe cBoiicTBa. Tak, Ha-
npumep, Habmoaas 3a curHanamu DI1P 6uomornuec-
KHUX OOBEKTOB, MOXHO HEIOCPEACTBEHHO CJICIUTh 3a

XOJOM BHYTPUKJIICTOUYHBIX ITPOLIECCOB B JIUCTHAX pacTe-
HI/Iﬁ, TKaHAX 1 KJIETKaX )KUBOTHLIX, B 6aKT6pI/IFIX.
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